Introduction {#sec1}
============

The gastrointestinal tract is the main place for all animals and humans to digest diets and absorb nutrients. Good development of the gastrointestinal tract can promote the digestion and absorption of nutrients by calves and improve feed utilization efficiency. Different dietary nutrient levels can affect the gastrointestinal development in calves \[[@B1],[@B2],[@B3]\], with diets with suitably high protein levels shown to promote gastrointestinal development in calves \[[@B4],[@B5]\]. Leucine, as a functional amino acid \[[@B6]\], can activate the mammalian target of rapamycin pathway to regulate protein synthesis and catabolism in the animal body \[[@B7],[@B8],[@B9],[@B10]\] and promote the development of the gastrointestinal tract in animals \[[@B11]\]; phenylalanine is an aromatic amino acid and can promote the secretion of cholecystokinin (CCK) through calcium-sensing receptors \[[@B12],[@B13]\]. CCK can stimulate the pancreas to synthesize pancreatic amylase, trypsin and trypsinogen, and it can further stimulate the release of pancreatic enzymes and enhance pancreatic enzyme activity \[[@B14]\]. Previous studies by our research team have shown that leucine and phenylalanine can regulate pancreatic enzyme synthesis and promote starch digestion in adult ruminants \[[@B15],[@B16],[@B17]\]. We hypothesized that leucine and phenylalanine may have the effect of promoting intestinal development and increase intestinal digestive enzyme activity in calves, thereby promoting the growth and development of calves. At present, there are few reports concerning the supplementation of leucine and phenylalanine in young ruminants, particularly reports regarding their effects on intestinal development and enzyme activity in calves. Moreover, the forestomach system in calves is not fully developed, and their digestive system is similar to that of monogastric animals. In calves, milk can directly reach the abomasum without going through the rumen and reticulum to undergo preliminary digestion, and then milk can reach the small intestine to be digested and absorbed \[[@B18]\], thereby avoiding changes of nutrient components in the diet caused by microorganisms in the rumen and reticulum. Taking advantage of this physiological characteristic and with slaughter testing, this study examined the effects of leucine and phenylalanine supplementation up to 8 weeks after birth on gastrointestinal tract development indices, changes in gastrointestinal tract electrophysiology, and changes in digestive enzyme activity in the intestines of calves. Meanwhile this study also explored the role of leucine and phenylalanine in the development of the gastrointestinal tract and in the regulation of intestinal digestive enzymes, thereby providing a theoretical basis for the potential supplementation of leucine and phenylalanine for the efficient production of dairy cows.

Materials and methods {#sec2}
=====================

The use of all animals and experimental protocols was approved by the Animal Care and Use Committee of the College of Animal Science and Technology, the Northwest A&F University, China.

Experimental animals and design {#sec2-1}
-------------------------------

This experiment consisted of 20 male Holstein calves with a body weight of 38 ± 3 kg at the age of 1 day. These calves, according to a grouping pattern sorting calves with similar body weights into the same group, were randomly divided into four groups: a control group (C), a leucine group (L), a phenylalanine group (P), and a mixed amino acid group (PL, leucine + phenaylalanine). Five calves were included in each group; 8 weeks were used as the experimental duration.

The experimental treatment was achieved by supplementing leucine and phenylalanine into raw milk, followed by adjusting to an isonitrogenous diet by supplementing alanine. Leucine and phenylalanine were purchased from Hai De Amino Acids Industry Co., Ltd. (Ningbo, Zhejiang, China) and the purity was \>99%. All amino acids are the L amino acids and could be absorbed by animal. The basis for the supplementation of leucine and phenylalanine for the treatment groups referred to the results of the previous studies by our own research team \[[@B15],[@B16],[@B17]\]. The supplementation amount for each treatment is shown in [Table 1](#T1){ref-type="table"}, and the amounts added into milk were leucine 1.435 g/l, phenylalanine 0.725 g/l, and alanine 1.366 g/l. Table 1Quantity of amino acids added in milk (g·l^−1^, DM)ItemsTreatments[^1^](#T1TFN1){ref-type="table-fn"}CPLPLLeucine\--1.4351.435Phenylalanine-0.725-0.725Alanine1.3660.9750.391-[^1]

Feeding management {#sec2-2}
------------------

The animal experiment was conducted at the calf island in Modern Farm (Baoji) Co., Ltd. The experimental diet consisted of raw milk and starter diets. After the calves were born, 4 l of colostrum were fed within 1 h. The next week served as a transitional period, the calves were manually bottle-fed 3 l of milk twice daily. During the transitional period, the amino acid supplementation was increased over a gradient of 20% per day until it reached 100% of the supplementation amount by the sixth day after birth. Weeks 2--8 served as the testing period, during which raw milk supplemented with amino acids was fed twice per day; 3.5 h of feeding was used each time for weeks 2--3, and 4 h per feeding for weeks 4--8. Starting at the third week, a starter feed was provided twice a day, and the amount of the feed offered to each calves were 210 g/d in week 3 and gradually increased to 1800 g/d in week 8, to ensure all calves consumed the feed without any refusal. The calves were provided free access to fresh drinking water.

Sample collection and index determination {#sec2-3}
-----------------------------------------

The calf starter diet (Purina Co., China) consisted of corn, soybean meal, wheat bran, sugarcane molasses, calcium hydrogen phosphate, rock powder, salt, L-lysine, vitamin A, vitamin D3, vitamin E, copper sulfate, and ferrous sulfate. The methods of AOAC were used for measurements of dry matter (DM) (ID: 930.5), crude protein (CP, N × 6.25; ID 984.13), ash (ID: 942.05), calcium (ID 927.02), and phosphorus (ID 965.17) \[[@B19]\]. The levels of neutral detergent fiber and acid detergent fiber were determined with reference to Van Soest et al. \[[@B20]\]. The chemical composition of the granulated starter is shown in [Table 2](#T2){ref-type="table"}. Raw milk was collected once every 2 weeks, and the amino acid composition were determined according to the method by Roseiro et al. \[[@B21]\]. in an amino acid analyzer (Hitachi, Japan) equipped with an ion exchange column. The levels (g·l^−1^, DM) of arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, valine, alanine, aspartate, cysteine, glutamate, tyrosine, glycine, serine, and proline in the raw milk were 1.429, 0.920, 1.744, 3.432, 3.055, 0.950, 1.731, 1.804, 2.372, 1.356, 2.869, 0.358, 7.605, 1.846, 0.838, 2.260, and 6.458, respectively. There was no difference in the intake of the starter food among the different treatments. Table 2Nutrient levels of the starter diet fed to calves (%DM)[^1^](#T2TFN1){ref-type="table-fn"}Chemical analysisContent (%)Dry matter87.06Crude protein20.01Crude ash15.47Starch38.79Neutral detergent fiber12.20Acid detergent fiber6.20Calcium0.70Total phosphorus0.38[^2]

When calves were 8 weeks old, after the morning feeding, they were cut off from feed, although free-choice water intake was provided. At 08:00 on the next day, these animals were killed by exsanguination. The body length and before-slaughter live weight were measured prior to slaughter. After the calves were slaughtered and skinned, the abdominal cavity was dissected, and the rumen and reticulum, omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, and rectum were separated by cotton-thread ligation. Mesentery and extra-intestinal fat were removed, and the length of each intestinal segment was measured. After removing the contents of the stomach, the rumen and reticulum volume was measured by the drainage method. Each of the stomach compartments was rinsed with physiological saline, and each of the stomach compartments was weighed after the water was absorbed by gauze. The relative weight of each stomach compartment and the intestine-body ratio of each intestinal segment were calculated as follows:

Relative weight = Weight of stomach compartment (kg) / Body weight (kg) × 100%

Intestine--body length ratio = Intestine length (cm) / Body diagonal length (cm) × 100%

The 3 × 3 cm rumen and duodenal intestinal segments at the central part of the rumen abdominal sac and at 5 cm posterior to the front of duodenum were cut and collected for measuring the short-circuit current (Isc) using the Ussing Chamber system (World Precision Instrument, U.S.A.). Gastrointestinal tissues were washed with ice-cold normal saline and placed in Ringers buffer for 5 min in an ice bath \[[@B22]\]. The fascia layer was quickly peeled off, and the intestinal mucosa was fixed on the diffusion pool; the effective permeation area was 1.69 cm^2^. Ringers buffer that was preheated to 37°C was added at both sides, and a circulating water bath system was used to maintain the temperature; meanwhile, mixed gas (5% CO~2~ and 95% O~2~) was continuously supplied. The electrode was connected with a KCl agar salt bridge (3% agar dissolved in 3 mol/l KCl), and Isc was measured by applying a clamping voltage of 10 mV. The output signal was collected with a data logger (World Precision Instrument, USA), and the signal was recorded with Lab-Trax software.

The total length of the small intestine (from the pyloric end to the end of ileum) was set as 100%, and 10 g of intestinal chyme sample was collected at the relative positions of 0, 20, 40, 60, 80, and 100% receptively \[[@B16]\] and stored at −80°C. For measuring the enzymes activity, the chyme was homogenized first, and then the homogenate was centrifuged to precipitate food residue. The supernatant was used for the enzyme activity determination. The activity levels of lactase, trypsin, α-amylase were determined, and the main digestive enzyme activity in the small intestinal chyme was measured using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufactory's protocols. Briefly, the protocols consisted of homogenization, incubation at 37°C in water bath, substrate reaction with the given reagent in microplate, recording the OD by a microplate reader, and the calculation the enzyme activity against the calibration curve.

Statistical analysis {#sec3}
====================

The data were analyzed using the GLM procedure of SAS software (version 9.1; SAS Institute Inc., Cary, NC). The gastrointestinal developments were analyzed using the following model: $$\text{Y}_{\text{ij}}\text{=μ+L}_{\text{i}}\text{+P}_{\text{j}}\text{+LP}_{\text{ij}}\text{+ε}_{\text{ij}}$$

where, *Y*~ij~ is the response variable, *μ* is the overall mean, *L*~i~ is the fixed effect of leucine (i = with or without), *P*~j~ is the fixed effect of phenylalanine (j = with or without),*LP*~ij~ is the interaction between leucine and phenylalanine, and *ε*~ij~ is the residual error.

The digestive enzyme activities and Isc were analyzed using the following model: $$\text{Y}_{\text{ijk}}\text{=μ+L}_{\text{i}}\text{+P}_{\text{j}}\text{+S}_{\text{k}}\text{+LP}_{\text{ij}}\text{+LPS}_{\text{ijk}}\text{+ε}_{\text{ijk}}$$

where, *Y*~ijk~ is the response variable, *μ* is the overall mean, *L*~i~ is the fixed effect of leucine (i = with or without), *P*~j~ is the fixed effect of phenylalanine (j = with or without), *S*~*k*~ is the effect of the *k*th site for digestive enzyme activities and the *k*th time (min) for Isc; *LP*~ij~ is the interaction between leucine and phenylalanine, *LPS*~ij~*~k~* is the interaction among leucine, phenylalanine and site, and *ε*~ij*k*~ is the residual error.

When significant interactions were detected, treatment effects were analyzed by the Student--Newman--Keuls multiple comparison test. The results were reported as the least square mean ± SEM, and a treatment difference was declared significant at *P*\<0.05.

Results {#sec4}
=======

Effects of leucine and phenylalanine on the gastrointestinal development in male calves {#sec4-1}
---------------------------------------------------------------------------------------

[Table 3](#T3){ref-type="table"} shows the effect of the supplementation of leucine and phenylalanine in raw milk on the development of the gastrointestinal tract in male calves. Leucine and phenylalanine had no significant effect on the pre-slaughter weight, rumen and reticulum volume, omasum weight, abomasum weight, relative weight of each stomach compartment, and relative length of each intestine segment (*P\>*0.05), and there was no interaction effect (*P\>*0.05). Leucine supplementation significantly reduced the body length and the rumen and reticulum weight in calves (*P\<*0.05). Compared with the control group, the leucine group had a 5.3% decrease in body length and a 6.7% decrease in the rumen and reticulum weight, whereas the phenylalanine group had a significant effect on body length (*P\<*0.05) and a significant decreasing effect on the rumen and reticulum weight (*P*=0.093). Compared with the control group, the phenylalanine group had a 5.2% decrease in body length. Leucine and phenylalanine in combination had an interaction in impacting the body length (*P\<*0.05). Table 3Gastrointestinal development in male Holstein calves fed milk and a starter diet supplemented with leucine and phenylalanineItemTreatments[^1^](#T3TFN1){ref-type="table-fn"}SEM*P*-valueCPLPLPLP×LBody weight (initial), kg40.541.839.842.10.560.1370.8630.653Body weight (final), kg79.279.178.575.50.030.3290.1800.334Body length, cm92.0388.5388.4087.900.205\<0.001\<0.0010.003Average daily gain, g788^a^763^a^791^a^683^b^10.80.0060.0860.071Rumen and reticulum weight, kg0.750.720.700.680.0130.0930.0250.652Rumen and reticulum volume, *L*9.629.498.729.280.3200.6860.2970.522Omasum weight, kg0.160.170.170.150.0040.5910.3410.115Abomasum weight, kg0.400.350.390.360.0110.1270.9770.909Relative weight to final body weight, 100%Rumen and reticulum0.960.910.880.880.0150.3180.1010.365Omasum0.200.220.200.190.0050.9540.2770.268Abomasum0.500.450.500.470.0150.2330.7000.679Intestinal length/body length, cm/cmDuodenum0.410.460.430.530.0230.1250.3340.635Jejunum24.8523.1022.3921.090.6110.2320.0890.859Ileum0.440.470.450.430.0180.8210.7510.460Total small intestinal tract25.7024.0423.2822.050.6130.2580.0940.862Cecum0.250.240.230.260.0100.5330.9870.381Colon2.852.902.982.990.0590.7820.3460.876Rectum0.410.450.450.470.0150.2750.3360.682Total large intestinal tract3.403.533.593.660.0710.4850.2760.793[^3]

[Figure 1](#F1){ref-type="fig"} shows the effect of the supplementation of leucine and phenylalanine in raw milk on the Isc in the rumen and duodenum of male calves. Leucine and phenylalanine significantly affected Isc in the rumen and duodenum (*P\<*0.01), and there was an interaction between the two (*P\<*0.001). Compared with that in the control group, the Isc was decreased by 34.1% in the rumen and 26.9% in the duodenum in the leucine supplementation group. Although phenylalanine significantly affected the Isc in the rumen and duodenum (*P\<*0.01), there was no significant difference in Isc between the phenylalanine group and the control group nor between the mixed amino acid group and the control group (*P\>*0.05). Compared with the leucine group, the phenylalanine group had an Isc increase of 26.7% in the rumen and 35.6% in the duodenum.

![The diagram of the rumen and duodenum Isc\
Changes of the Isc of rumen (**A**) and duodenum (**B**) in male Holstein calves fed milk and a starter supplemented with leucine and phenylalanine.](bsr-39-bsr20181733-g1){#F1}

Effects of leucine and phenylalanine on the digestive enzyme activity in small intestinal chyme {#sec4-2}
-----------------------------------------------------------------------------------------------

[Table 4](#T4){ref-type="table"} shows the effect of the supplementation of leucine and phenylalanine in raw milk on the lactase activity in the small intestinal chyme of male calves. The addition of leucine and phenylalanine did not affect the intestinal lactase activity (*P\>*0.05). There was no significant difference in the lactase activity either at the same site between different treatments or between different sites for the same treatment (*P\>*0.05). Table 4Digestive lactase activity (U/mg protein) in male Holstein calves fed milk and a starter supplemented with leucine and phenylalanineSampling Site (%)Treatments[^1^](#T4TFN1){ref-type="table-fn"}SEM*P*-valueCPLPLPLP × L0357.26400.36290.15425.4254.2890.4250.8490.67820343.13282.20520.50669.3572.5130.7660.6920.48040452.93354.98448.43565.6852.2610.9360.3990.37960503.54637.13521.53440.0383.2980.8780.5990.52980301.83412.11633.86368.1958.6580.5190.2400.131100589.58339.46458.28397.5062.9780.2350.7750.463Site effect*P*=0.728Interaction between Site and Treatment*P*=0.604[^4]

[Table 5](#T5){ref-type="table"} shows the effect of the supplementation of leucine and phenylalanine in raw milk on the α-amylase activity in the small intestinal chyme in male calves. Leucine and phenylalanine had no significant effect on the α-amylase activity (*P\>*0.05). There was a significant difference in enzyme activities among various sites in the small intestine (*P\<*0.05), and there was a trend toward an interaction between the treatment and the relative site of the small intestine (*P*=0.054). Except for the mixed amino acid group, the α-amylases activities in the small intestine in the other three groups showed a trend of first decreasing and then increasing from the 0% site to the 100% site. Table 5Digestive α-amylase activity (U/mg protein) in male Holstein calves fed milk and a starter supplemented with leucine and phenylalanineSampling Site (%)Treatments[^1^](#T5TFN1){ref-type="table-fn"}SEM*P*-valueCPLPLPLP × L02.42^b^2.15^bc^2.47^b^3.53^ab^0.3340.5600.3050.339201.44^b^3.13^bc^1.64^b^2.02^b^0.3130.4770.1170.312401.44^b^1.03^c^1.39^b^2.03^b^0.2360.8150.3310.279603.57^ab^3.12^bc^4.11^b^1.90^b^0.6550.3270.8000.515804.52^ab^8.76^b^6.49^a^8.13^a^1.340.8050.2880.6331007.64^a^15.08^a^9.23^a^7.13^a^1.550.4030.3210.144Site effect*P*\<0.001Interaction between Site and Treatment*P*=0.054[^5]

[Table 6](#T6){ref-type="table"} shows the effect of the supplementation of leucine and phenylalanine in raw milk on the trypsin activity in the small intestinal chyme of male calves. Leucine significantly increased the trypsin activity at the 20% site (*P\<*0.05), and phenylalanine had no significant effect on the trypsin activity (*P\>*0.05). There was no interaction between the two (*P\>*0.05). The difference in the relative site significantly affected the trypsin activity (*P\<*0.05). Table 6Digestive trypsin activity (U/mg protein) in male Holstein calves fed milk and a starter supplemented with leucine and phenylalanineSampling Site (%)Treatments[^1^](#T6TFN1){ref-type="table-fn"}SEM*P*-valueCPLPLPLP×L033.28^a^28.7232.9537.824.5030.9870.6350.6102012.38^b^14.9023.7627.292.5450.5620.0350.9234017.85^b^32.7932.3637.314.7400.1580.5790.3486016.88^b^17.2721.8518.852.3390.7850.4980.7248014.15^b^18.2914.7015.643.0120.3530.4650.422100^2^----------------Site effect*P*=0.008Interaction between Site and Treatment*P*=0.891[^6][^7]

Discussion {#sec5}
==========

The animal gastrointestinal tract is an important site for the communication of the internal and external environments, and its growth and development status would affect the absorption of nutrients by animals, thereby directly affecting the growth and performance of animals. Calves are in a critical period of growth and development and require a large amount of nutrients to meet the various needs of cell proliferation and differentiation, enzyme secretion, growth and development of tissues and organs, and synthesis of other important substances in the gastrointestinal tract. Dietary protein composition and protein intake would affect gastrointestinal development \[[@B23]\]. By increasing the raw milk intake in the first 23 days of lactation, the height and width of rumen papillae as well as the rumen and reticulum weight in 63-day-old calves are increased \[[@B6]\]. Leucine and phenylalanine are essential amino acids for calves, and they not only serve as substrates for protein synthesis but also play an important role in protein synthesis \[[@B14],[@B24]\]. Studies on the effects of leucine and phenylalanine on gastrointestinal development and intestinal digestive enzyme activity in calves have rarely been reported. The regulation of leucine and phenylalanine on pancreatic exocrine has been reported \[[@B25],[@B26]\]. Other amino acids such as isoleucine and glutamate also have effects on the gastrointestinal tract of ruminants. In Holstein heifers, for instance, duodenal isoleucine infusion increased the pancreatic exocrine function, especially α-amylase secretion, and the increment appeared to be dose and time dependent \[[@B27]\]. In cannulated steers, continuously duodenal infusion of casein and glutamate increased small intestinal starch digestion, but infusion of a mixture of phenylalanine, tryptophan and methionine did not affect the digestion of starch \[[@B28]\].

The results of this experiment showed that the addition of leucine and phenylalanine in raw milk reduced the absolute weight of the rumen in calves, but it had no significant effect on the relative weight of the rumen and on the rumen and reticulum volume. Although the rumen and reticulum weight can to some extent explain the development of the rumen and reticulum, the rumen and reticulum volume is more directly related to the feed intake at the late period from the perspective of its function. The rumen and reticulum weights were changed, but the volume did not change, indicating that the distribution of the added amino acids in various tissues of the body may differ.

Absorption of nutrients in the intestine mainly depends on the transport function of Na^+^-dependent transporters in the intestine, which can cause changes in the net ion transport in the intestinal tissues, thereby resulting in changes of the electrophysiological parameters in the intestinal tissues. The ion pump in the epithelial cell membrane produces Isc as the pump moves ions from one side of the membrane to the other. Researchers typically use Ussing Chamber technology to detect the physiologic electrical changes produced by ion transport in the plasma membrane, with the form of Isc used to express the absorption and transport capacity of a certain nutrient in the intestinal tissue. With the measurement and data output of Isc, trans-epithelial substance transport activities can be ascertained. Isc is an important indicator reflecting intestinal nutrient absorption, permeability, and ion secretion capacity. Isc can effectively reflect the integrity of the intestinal epithelial structure \[[@B29],[@B30]\]. In this study, leucine supplementation could significantly reduce the Isc level in the rumen and duodenal mucosa; the leucine group had a significantly lower Isc level than the other three groups, indicating that the junction between the rumen and duodenal epithelial cells was tighter. Phenylalanine could inhibit the effect of leucine, and there was an interaction effect between the two. The use of the Ussing Chamber in goats to determine the effect of low-nitrogen and high-nitrogen diets on small intestinal Isc showed that the small intestinal electrophysiological Isc was significantly reduced with increasing CP levels in the diet \[[@B31],[@B32]\]. The result of those studies are consistent with the results of this experiment, which showed that the addition of leucine and phenylalanine in calves significantly reduced Isc in the rumen and duodenum.

Small intestinal digestive enzymes play an important role in the digestion and absorption of nutrients. Digestive enzyme activity can to some extent explain the nutrient digestion ability in animals. Leucine and phenylalanine have the function of regulating the secretion of pancreatic juices and promoting the synthesis of pancreatic enzymes in ruminants \[[@B15],[@B16],[@B17]\]. Our previous studies in young dairy goats showed that the perfusion of leucine and phenylalanine significantly increased the amylase activity at the 0% site, perfusion of 9 g of leucine per day significantly increased the amylase activity at the 20% site, perfusion of 2 g of phenylalanine per day significantly increased the amylase activity at the 80% site, and perfusion of 9 g of leucine per day significantly increased the trypsin activity at the 0, 20, and 40% sites and the lipase activity at the 0 and 20% sites \[[@B16]\]. In this experiment, supplementation of leucine and phenylalanine did not affect the activities of lactase and amylase, and leucine administration significantly increased the trypsin activity at the 20% site. There was no significant difference in lactase activity across the various sites; the amylase activity in the small intestinal posterior segment was high, whereas the trypsin activity in the small intestinal anterior segment was high. This result is not fully consistent with the above test results, which is mainly due to the physiological differences in the digestive tract between young ruminants and adult ruminants. What's more, the mechanism of leucine affects enzymes secretion is different from that by phenylalanine. In our recent studies, leucine regulated enzymes release through proteasome \[[@B33]\]. At the same time, amino acid supplementation only had a significant effect on the trypsin activity, which may be because trypsin is more sensitive to dietary changes \[[@B34]\]. The changes of amylase and lactase activity at different sites may be attributed to the conditions of the late stages of this experiment: the diet was still mainly raw milk and the feed intake of the starter diet was relatively little, thus resulting in a fast rate of chyme outflow during this period.

Conclusion {#sec6}
==========

This study showed that leucine supplementation can promote the development of the gastrointestinal tract in calves and increase the activity of trypsin in the small intestine, whereas phenylalanine supplementation had a negative interaction with leucine and inhibits the effects of leucine in promoting the reduction of intestinal Isc.
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C

:   control group

CCK

:   cholecystokinin

CP

:   crude protein

DM

:   dry matter

L

:   leucine group

OD

:   optical density

p

:   phenaylalanine group

PL

:   leucine + phenaylalanine

[^1]: Abbreviations: C, control; P, phenylalanine; L, leucine; PL, leucine and phenylalanine. Animals were fed with isonitrogenous diets, achieved by supplementing alanine.

[^2]: The starter diet was purchased from Purina Co., China. It contained corn, soybean meal, wheat bran, sugar cane molasses, calcium hydrophosphate, stone powder, salt, L-lysine, vitamin A, vitamin D3, vitamin E, copper sulfate, and ferrous sulfate.

[^3]: C, control; P, phenylalanine; L, leucine; PL, leucine plus phenylalanine.

[^4]: C, control; P, phenylalanine; L, leucine; PL, leucine plus phenylalanine. The total length of the small intestine from the distal region of the pylorus to the ileal--cecal junction was defined as 100%. The digesta samples at the 0, 20, 40, 60, 80, and 100% relative sites were collected to determine enzyme activities.

[^5]: C, control; P, phenylalanine; L, leucine; PL, leucine plus phenylalanine. Different lowercase letters in a column indicate statistically significant differences (*P\<*0.05). The total length of the small intestine from the distal region of the pylorus to the ileal-cecal junction was defined as 100%. The digesta samples at the 0, 20, 40, 60, 80, and 100% relative sites were collected to determine enzyme activities.

[^6]: C, control; P, phenylalanine; L, leucine; PL, leucine plus phenylalanine. Different lowercase letters in column indicte statistical significance (*P\<*0.05). The total length of the small intestine from the distal region of the pylorus to the ileal-cecal junction was defined as 100%. The digesta samples at the 0, 20, 40, 60, 80, and 100% relative sites were collected to determine enzyme activities.

[^7]: ^2^not detected.
